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ABSTRACT  K  influx and net  K  flux have  been  measured  in  suspensions  of
chloramphenicol-arrested  Escherichia coli.  The rate of K exchange in  the steady
state was  independent  of the K  concentration  of the  medium  over  a  200-fold
range.  Under  a  number of experimental  conditions  the rate of exchange  may
be considerably increased or decreased without changing the cellular K content.
These  results  show that  under  these  conditions  changes  in K  influx  are  asso-
ciated  with  equal  changes  in K  efflux,  and  suggest  that  the latter  process  is,
at least in part, both carrier-mediated  and tightly coupled  to the influx process.
In  previous  papers  of this series  we  have  demonstrated  that  (a)  during log-
arithmic  growth  the  intracellular  K  concentration  in E. coli greatly exceeds
that in  the growth  medium  (1,  2);  (b)  the intracellular  K  behaves  as if it is
unbound,  and osmotically active  (2); and  (c)  the cell K  freely exchanges with
extracellular K  across the cell membrane  (3). Although  these findings suggest
that  the  unidirectional  K  influx  in  this  organism  is  the result  of a  carrier-
mediated  process which brings about  transport against  a large concentration
(and probably  electrochemical)  gradient,  our previous results shed little light
on the nature of the K  efflux process. The observation  that conditions  which
drastically  inhibit  net  K  uptake  by  K-depleted  cells  (1)  have  little  or  no
effect  on  the steady-state cell  K  concentration  (2)  suggests,  however,  that K
efflux  is not a simple diffusion process.
The  present  series  of experiments  was designed  to  investigate  K  efflux  in
E. coli by simultaneously  measuring K  influx and net flux in nongrowing  cells.
It  will  be  shown  that,  under  a  variety  of conditions,  although  K  influx  is
markedly  inhibited  the  cell  K  content  is  unaffected.  Thus  it  is  clear  that
under these conditions  changes in influx are accompanied by parallel changes
in efflux,  and  that this exit process  plays an important role in  the regulation
of K content  in this organism.
In  addition  it  has  been  found  that cells  exposed  to  K-free  media  subse-
quently  show unusually high rates of K  exchange.  The features of this effect
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suggest  that  the  carrier-mediated  K  exchange  mechanism  is  under  control
similar to that reported for  certain  adaptive  enzymes.
A preliminary  report of this work has  been presented  (4).
METHODS
Bacteria
As  in  previous  studies  (2)  strain  K-12  of Escherichia coli was  maintained  and  grown
in  a  glucose-salts  medium,  except  that  growth  was  carried  out at  300C  instead  of
37°C and the medium contained  1.2  mM KCI in most experiments.  This phosphate-
buffered  medium  has  an  Na  concentration  of  145  mM  and  an  osmolality  of  270
milliosmols.  Changes in growth  conditions  for  particular  experiments  are  indicated
below.
Flux Measurements
Unidirectional  K  fluxes  were  measured  in  relatively  light  suspensions  of  chloram-
phenicol-arrested  cultures.  Chloramphenicol  (25  g/ml) was added  to exponentially
growing  cultures when  they had reached  a volume fraction,  or cytocrit,  of between
0.02  and  0.1 %. The rate  of K influx  was measured  120 to  150  min later when  the
culture had  reached a steady state with  respect to  cell K content  and total  bacterial
volume  (see  Results).  After preliminary  samples  had been  taken  for  the determina-
tion of cell K content  and cytocrit, K42 was added to the suspension.  Over  the subse-
quent  10 to 30 min, five  to eight timed samples of the suspension were withdrawn for
measurement  of the cellular  uptake  of K42 as described  below. After  the last sample
had been  taken,  cellular K content  and cytocrit were  again determined,  the pH was
measured,  and an aliquot  of the  suspension was analyzed  for total K and  total  K42.
In the  experiments  described in the  first part of the  paper, four simultaneous  flux
measurements  were  carried  out  on  aliquots  of  a  single  chloramphenicol-arrested
culture.  Three of the aliquots  were  used to  investigate  the  effects of specific  changes
while the fourth served  as a control. The flux measurements were carried  out in flasks
which  were  gently  shaken;  aeration  was  accomplished  by  passing  humidified  air
through  the suspension.
Analytic Methods
After  sampling,  cells  were  collected  on  gridded  0.8  pore  size  membrane  filters
(Millipore Filter Corp.),  as  described  previously  (2), and washed with  0.3 M  sucrose.
The filters were  then either  (a)  glued  onto aluminum planchets  for  assay  of cell  K42
using  a windowless  flow counter,  or  (b)  digested with redistilled  concentrated HNO3
in  polyethylene  vials  and  then  analyzed  for  cell  K  content  using  a  Perkin-Elmer
(model  52-A)  flame  photometer.  Total  suspension  K  and  K42 were  determined
similarly  after  appropriate dilution.  All other analytic  procedures  and methods  have
been  previously  described in detail  (1,  2).
Kinetics
Since  the bacterial  K content changed  very little over  the  course of the  experiment,
a kinetic treatment based on a two compartment  system of constant composition  and
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constant  unidirectional  fluxes  was  used.  The equation  describing  the entry  of K42
into the cells was  the same  as  that derived  in an earlier  paper  (3)  but a slightly dif-
ferent form  of the solution  (equation 4 of reference  3)  was used:
In [1  - (P/P)]J =  --AI(Si +  Se)t/SiS.
where P  =  the cell  K42 content in counts per minute
S =  the amount of K in a given compartment in pmoles
A  =  the total bacterial  membrane  area in  cm2. This value was calculated  as
the cytocrit  times  the  factor  6.8  X  104  cm2,  using  a previously  derived
area-to-volume  ratio (3).  Since the experimental  and control  fluxes were
determined  simultaneously  on  aliquots from  the  same  chloramphenicol-
arrested culture, the same area-to-volume  ratio was used for comparative
purposes.
t =  time in seconds
I  =  the flux in pmoles/cm 2sec,  calculated from the slope of a semilogarithmic
plot of [I  - (P/P,)]  against t.
The subscripts  i and  e refer  to the intracellular  and extracellular  compartments  re-
spectively,  and the  additional  subscript  refers  to conditions  at the  time  of tracer
equilibrium.  P  was  calculated  as  the  product  of the  specific  activity  of the  whole
suspension and the average of the initial and final cell K contents.
The average net flux of K was calculated from the change in cell K over the course
of the experiment.  In the majority of experiments  the  change in cell K content was
quite small and  comparable in magnitude  to the errors of the K measurement.  Since
the standard  deviation  of the  measurement  of  K  content  is  approximately  1%,  it
may  be  readily  shown  that the  standard  deviation  of the  net flux  calculation  in a
typical experiment  of 20 minutes duration is  4-0.04  pmoles/cm2sec.
Chloramphenicol  used  in these  experiments  was kindly provided  by Parke,  Davis
and  Co.
RESULTS AND  DISCUSSION
The Steady State
Unidirectional  steady-state  K  flux measurements  in E.  coli have  been  previ-
ously reported from this laboratory  using dense cell suspensions  in which the
pH of the suspension  was maintained  constant  by means  of a pH-stat  (3).  In
the present studies  we  have  used light  suspensions  obtained  by arresting  ex-
ponential  growth  with  chloramphenicol.  Such  cultures  permit  easy  main-
tenance  of constant  pH  and  good  aeration  and  avoid  the  accumulation  of
high concentrations  of metabolic products which occurs  in dense suspensions.
The effect  of chloramphenicol  on  total bacterial  volume and  cell  K  content
at 300C is shown in Fig.  1. Neither  total volume nor K content becomes  con-
stant immediately,  but continues to increase  for about 2 hr  after which  time
both remain constant for a period exceeding  1 hr. The transient decline in K
content  several  minutes  after  chloramphenicol  addition  (Fig.  1)  was  con-
sistently seen in these experiments and has been previously  observed by others
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(5).  The gradual inhibition  of the increase in total cell volume after  chloram-
phenicol  treatment  is  similar  to  the  gradual  inhibition  of  the  increase  in
bacterial  cell count reported  by Allison et al. (6).  At 37°C  the chlorampheni-
col-induced  steady state is  achieved  at about  90 min; however,  30 min there-
after  cell  K  content  begins  to  decline  slowly.  The  longer  duration  of  the
steady state at 30°C led  us to choose  this temperature  for these  studies.
In  the  presence  of chloramphenicol  the  steady-state  cell  K content  is  ap-
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FIGURE  1.  Effect  of chloramphenicol  on total bacterial  volume and total K content  of
E. coli. At the arrow,  chloramphenicol  (25  ,ug/ml) was added to  the culture growing  at
300.  Values  for K content are single  determinations;  the cytocrit  values  are averages of
duplicate determinations.
proximately  25%  higher  than during exponential  growth.  In the experiment
shown in Fig.  1 the cell K concentration [K]  in  the growing cells was  253  3
mmoles/liter  cell  H 2 0  (s.E.,  three  determinations)  compared  with  317  1
mmoles/liter  cell  H 20  (seven  determinations)  in cells harvested  between  125
and  210 min after the addition of chloramphenicol.
Features of K42 Influx
The  data  from  an  influx  experiment,  typical  of the  more  than seventy-five
such  experiments  performed  in  this  study,  are  shown  in  Fig.  2.  The  good
fit of the points  to a straight line indicates  that a major  fraction of the cell  K
exchanges  in  accordance  with a  single rate constant.  Although  most experi-
ments were  terminated  when cellular  K42 had  reached  50  to 70%  of the  cal-
culated  equilibrium value,  the same linearity was  observed  in the few longer
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experiments in which cellular specific activity reached 90%  of the equilibrium
value.  This is in  agreement with the previous  observation  that, in dense  sus-
pensions,  at least  94% of the cell  K  exchanges  in  accordance  with a  single
rate  constant  (3). The observation  that, in all  instances,  the  zero-time inter-
cept  was  equal  to  1.0  within  experimental  error  indicates  the  absence  of a
rapidly exchanging cell  K compartment which  is not removed by the sucrose
wash.  Since a nonionic wash would  hardly be expected  to remove  K held by
ionic  linkage  to  the  cell  wall,  these  results  suggest  that  either  a  negligibly
small  fraction  of the  cell K  is in  a cell  wall compartment  or,  what  is  much
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FIGURE 2.  K42 influx in a typi-
cal  experiment,  plotted  as  de-
scribed  under  Methods.  The
half-time  for entry is  19.2  min,
corresponding  to  an influx rate
of 1.42 pmoles/cm
2 sec.
TIME  (MINUTES)
less  probable,  that the  cell  wall  K and  cytoplasmic  K  exchange  with  equal
rapidity.
The  effect  of the  duration  of chloramphenicol  arrest  on  K influx  was  in-
vestigated  in  an experiment  in which  K42 was  added  to aliquots  of a single
culture  at  various  times  after  the  addition  of chloramphenicol.  The  influx
was  found  to be  1.38,  1.42,  and  1.44 pmoles/cm2sec at 87,  115, and  143 min
after  chloramphenicol  addition,  and  thus  it  may  be  considered  essentially
constant  over  the  10  to 30 min interval  during which  our experiments  were
performed.
Effect  of External K
Previous studies have indicated that the steady-state K fluxes are independent
of the  external  K concentration  over  the range  of  1.3  to 5.2  mM  (3).  In the
present  studies  we  have  extended  these  findings  in  experiments  in  which
0.3
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varying  amounts of 0.15 M KC1  were added to chloramphenicol-arrested  cells
grown  in  low  K  media.  In nineteen  flux  measurements  over  a  range  of ex-
tracellular  K  concentrations  from  0.06  to  13.6  mM  the  average  influx  was
1.66  4-  0.08 pmoles/cm2sec and  there was  no correlation  of the flux with the
[K],.  The saturation  of the K transport  system  at extracellular  K  concentra-
tions as  low as 0.06 mM is not unusual since many bacterial  transport systems
saturate  at very  low concentrations  of external substrate  (7).
Inhibition of K Exchange
The simplest  model for  the regulation  of the steady-state K concentration  in
this organism, which  is consistent with  the observations  that both the steady-
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FIGURE  3.  Effect  of pH  on  K fluxes.  The
K
42INFrWX  pH  was  altered  by  diluting  aliquots  of  a
chloramphenicol-arrested  culture  with  solu-
tions  identical  with  growth  medium  except
for altered proportions of mono- and dibasic
phosphates.  Osmolality  was  kept  constant
and  Na  concentration  nearly  constant  by
suitable  adjustment  of  glucose  and  NaCI ~-~------.~.  NET FLUX - X  M--  _contents.  The  symbols refer  to two different
sets of measurements.
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state fluxes  and the  intracellular  K concentration  (2)  are independent  of the
external  K  concentrations  over  a  wide  range  of  values,  is  one  in  which  a
carrier-mediated  uphill  K  transport  system responsible  for influx is  balanced
by  a passive  "leak"  whose  rate is  a function  of membrane  permeability  and
[K]i.  That a  model in  which  efflux  is  due solely  to passive  leak  is  not  ade-
quate  to explain  the regulation  of K content  in  E. coli  became  apparent in
experiments  in which K exchange  was  measured  under  conditions previously
shown  to inhibit net  K uptake  (1).  The effect  of pH is  shown  in Fig.  3.  As
the  pH is  varied  from  7.5  to  5.7  there  is a  marked  decrease  in the  K influx
with little change in the net flux.  In these experiments  the  [K]i  was constant
at 329  - 2 mmoles/liter cell H 2O  from pH 7.5 to 6.85 and was only 8%  lower
at pH  5.7 than  at pH  7.2.  The effect  of temperature  on  K fluxes  is  given  in
Table I.  Although  the influx  at 37°C  is twice  that at 22°C there is no signifi-
cant  dependence  of net  flux  on  temperature  and  the  same  intracellular  K
concentration,  330  ±  4 mmoles/liter  cell  H 2 0,  is  maintained  at  all  three
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temperatures.  It should  be noted  that the  K exchange  rate in  this system is
approximately  70%  greater than that reported previously  for dense bacterial
suspensions  at  37°C.  It  is  not unlikely  that  the metabolic  products  which
accumulate  in the dense suspension  as  well as differences  in aeration may be
responsible  for  the  lower  K flux.  In addition,  apparent differences  in  the ex-
TABLE  I
EFFECT  OF  TEMPERATURE  ON  K  FLUX
t  K42  influx  Nc  t flux
°C  pmoles/cm2  sec
37  1.98  0.06
30  1.78  -0.02
22  1.05  0.08
22*  1.01  0.00
* K
4 2 was  added  to  these  cells  174  min  after  chloramphenicol;  additional
time is required to reach a  steady state at this temperature.
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FIGURE 4.  Effect  of  DNP  on  K
fluxes.  DNP  was  added  immedi-
ately  before  the  influx  measure-
ment was carried out. The symbols
refer  to  results  from  two  different
sets  of measurements.
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change  rates may result from  the use of the same area-to-volume  ratio in the
flux  calculation.  This  constant  conversion  factor  is  valid  for  comparative
purposes only under experimental  conditions  in which the average  size of the
organism  is not a variable.
Finally, as shown in Fig.  4, low concentrations  of 2,4-dinitrophenol  (DNP)
also  reduce  K  influx  without  a  significant  effect  on  net  K  flux.  DNP  was
added  to the  suspensions  immediately  before the  K42  since  prolonged  expo-
sure of the cells to low concentrations  of DNP led  to a net loss of K. However,
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over  the initial  20  to  30 min  experimental  period  there  was  no measurable
effect on K content in the presence of DNP concentrations  up to 2.7  X  10-
4 M;
a concentration  which inhibited  K influx  by more  than 40%.  At the highest
DNP concentration  used,  9  X  10-4 M,  there was an appreciable net loss of K
over the course  of the experiment,  and approximately  10%  of the cell  K was
lost within 90 sec after the addition of DNP.
Thus,  three different  conditions,  which have  been shown  to inhibit  net K
uptake by K-depleted cells, also inhibit K influx in steady-state cells but have
no  measurable  effect  on  the  intracellular  K  concentration.  Since  all  these
experiments  were  of at least  20  min duration,  it may be shown  that a mere
10%o  decrease  in  influx if unaccompanied  by changes  in efflux  would  result
in a 7% decrease  in [K]i  ; a decrease which would be readily detected  by the
present methods.  The fact that not only was there  no significant  decrease  in
[K]i,  but often  even  a slight increase,  permits only  one  conclusion,  namely,
that  changes  in  influx  are  accompanied  by parallel  and  equal  changes  in
efflux.  Furthermore  the  inhibition  of efflux  by three  widely different  agents
suggests that it is not a simple diffusion  process.  Although K efflux may have
a  diffusion  component,  at  least  50%  of  the  control  efflux  appears  to  be  a
carrier-mediated  process  which  is tightly linked to K influx.
K Limitation
During  an investigation  of K metabolism by E. coli  (8)  unusually  rapid rates
of K uptake  were  observed  following  addition  of K to  a  suspension  of cells
which  had been allowed to grow until all of the extracellular  K was depleted;
a condition  which will  be hereafter  referred  to as "K limitation."  Investiga-
tion of this effect revealed that elevated rates of K exchange resulted  whenever
cells  were  maintained  for  an  appreciable  length  of  time  in  the  absence  of
extracellular  K.  In  the  experiments  designed  to study  this  phenomenon  the
cells  were  grown  in  media  which  initially  contained  from  0.04  to  0.07  mM
KC1. Growth  is exponential  up to the point at which  the bacteria have  taken
up all of the K; subsequently  the growth  rate declines  progressively.  During
this  period  of slowed  growth,  although the  total  bacterial  volume  increases
the total cell K content remains constant so that [K] i decreases  and approaches
a limiting value of 160 mM after  3 to 4 hr of K limitation when growth ceases.
Concomitantly  [Na]i  rises to approximately  150  mM,  with the result that the
sum of [K]i  and [Na]i remains  nearly constant. The addition  of K to such a
suspension  is  followed  by  a very rapid  uptake  of K and  loss  of Na.  30  min
later  the  content  of both ions has  returned  to  the values  typical  for  normal
cells,  [K]i  250  mM,  [Na]i  80  mM.  Exponential  growth  resumes  with little or
no lag following addition of K.'
1 A  detailed  study of the K-limited  state in E.  coli as regards intracellular cation concentrations as
well as bacterial growth and metabolism has been carried out in this laboratory by Mr. Paul Weiden
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The results of a series of experiments designed  to investigate  the effect of K
limitation  on K exchange  are  shown in  Fig.  5.  The  cells were  permitted  to
grow  in  a low K medium, and  aliquots of the suspension  were  removed  at
times  before  and  after K limitation.  Chloramphenicol  and sufficient  KC1 to
raise the  final concentration  of K to  1.2  mM were  added to the aliquots at the
time of removal from  the parent culture,  and  2 hr later K fluxes  were  deter-
mined.  Chloramphenicol  did not interfere  with the  uptake  of K  and  loss  of
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FIGURE  5.  The effect of K limitation on K influx. Plotted along the abscissa is the time,
before and after the moment  of K limitation  (t  = 0), at which the aliquot was removed
and KCI and chloramphenicol  added.  The flux determination  was carried  out  120  min
after the addition of chloramphenicol,  when a steady state is achieved.  The results from
three sets of experiments  (denoted by different symbols) have been plotted.
Na by the cells,  and had its usual effect of gradually bringing about a steady
state with respect to cell volume and K content.  In this way a series  of steady-
state  suspensions  was  obtained  in which the cells had the same  [K]  ,  which
averaged  315  4-  7  mmoles/liter  cell  H 20, but differed  only with  respect  to
whether  or not they had  been  K-limited,  and  the duration  of K limitation.
As  is  shown in Fig.  5  the rate  of K exchange  increases  progressively  from a
base line value of 2 pmoles/cm 2sec before extracellular K has been exhausted
to a value  of over 4 pmoles/cm 2sec 2 hr after the onset of K limitation.
The  reversibility  of this  phenomenon  was  investigated  in  experiments  in
which KCI was added,  to a final concentration  of 1.2 mM,  to cells which had
in  partial  fulfillment of the  requirements  for  the  Bachelor  of Arts  degree  with  honors.  His  thesis
entitled  "Potassium  Metabolism  in  Escherichia coli: The  Potassium-Limited  State"  has been  filed
with  the Department  of Biochemical  Sciences,  Harvard  University.  The  authors  are  indebted  to
Mr. Weiden  for permission to use some of his data characterizing  the K-limited state prior to their
publication.
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been K-limited for about 3 hr. Aliquots of this culture were taken at the time
of KC1  addition  and  at intervals  thereafter.  Chloramphenicol  was  added  to
each aliquot at the time of removal,  and 2 hr later the fluxes were measured.
Here again the aliquots  had the same intracellular  K and Na concentrations
and differed only with respect to the length of time they were exposed to excess
K after  an identical  period of K limitation.  The results  of these  experiments
are  presented  in  Fig.  6;  the  [K]i  in  these  experiments  averaged  327  7
mmoles/liter  cell  H 20  and  was  independent  of  the  time  of sampling.  After
the addition of K there  is a progressive  fall toward lower rates of K exchange
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FIGURE 6.  Top,  decrease  in  K
exchange  rates  following  addition
of excess  K to a K-limited culture.
At  zero  time  KCI  (1.2  mM)  was
added to  cultures  which had  been
K-limited  for  about  3 hr.  There-
after,  at  the  times  indicated,  ali-
quots  were  treated  with  chlor-
amphenicol and  120 min  later the
flux was  determined.  The  symbols
refer  to two  different experiments.
Bottom,  data  from  the  above  ex-
periments  expressed  as  a  differen-
tial plot of K influx per milliliter of
suspension  against  bacterial  dry
weight  per milliliter  of suspension.
The  data  have  been  normalized
to  an  initial  bacterial  density  of
0.25 mg  dry weight  per ml.
BACTERIAL  MASS  (MG  DRY WT/MLU
over the ensuing  2 hr period.  In  the lower part of Fig.  6 the  same results  are
expressed  as  a  differential  plot of the rate of K  transported  from medium to
cells per milliliter  of suspension  against the quantity  of bacteria  per milliliter
of suspension.  Expressed  in this  manner  it is  seen  that K  transport  per  unit
suspension  is nearly  constant for  about  1 hr after  the addition  of K.
Metabolic effects of K  limitation  (8)  could produce the observed changes in
K exchange  rates. The most obvious such  effect,  an increase  in cell  Na con-
tent,  is not  present at  the time of the flux measurement.  Furthermore,  many
metabolic  consequences  of K  limitation  are probably  reversed  quite rapidly
since K-limited  cells resume exponential  growth at the customary rate within
a few minutes after the addition of excess K.  Yet, as shown in Fig. 6, elevated
rates  of K  exchange  persist  for  at least  1 hr.  A decrease  in  cell  size  with  a
resultant  increase  in  area-to-volume  ratio  would lead  to an  apparent increase
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in flux rates for reasons  discussed above.  Comparisons  of bacterial  dimensions
before  and  after  K  limitation  using  photomicrographs  of dried  smears  as
well  as simultaneous  determinations  of cell  number and  cell  volume  (8)  in-
dicate  that if there  is  a  significant  change  in  area-to-volume  ratio  it is  cer-
tainly  not  of sufficient  magnitude  to  account for  the  twofold  increase  in  K
fluxes following K limitation.
The gradual  increase  of K  exchange  rate, beginning  with  little or no lag
following the onset of K limitation, resembles  the behavior  of certain adaptive
enzymes.  Synthesis  of the alkaline phosphatase  of E.  coli  (9)  and  of enzymes
of arginine  biosynthesis  in E.  coli  (10)  occurs  when a  specific  repressor  com-
pound  (PO 4or arginine) is exhausted or otherwise removed from the medium.
The observations  presented in Figs. 5 and 6 are consistent with the hypothesis
that an  adaptive  enzyme  participates in  K exchange,  and  that extracellular
K  represses  the  synthesis  of this  enzyme.  There  is  a  quantitative  difference
between  the  behavior  of K exchange  and  that of the  adaptive  enzymes  re-
ferred  to above  in that there is an appreciable  K exchange  in cells grown  in
the presence of K. Since K transport  is necessary for growth of these cells, it is
hardly  to be expected  that its repressed  level would  be as low  as that of an
adaptive  enzyme  whose  function  is  superfluous  in  the  presence  of  the  re-
pressor.  The  observation  that  K flux  per  unit  suspension  remains  constant
for  about  1 hr after  the  addition  of K could  be attributed  to the  repression
of the synthesis  of an adaptive  enzyme.  Later,  as the flux approaches  normal
values the repression appears to be partially relieved. This pattern of repression
is somewhat  different  from  that typical  of adaptive  enzymes,  where  the rate
of synthesis  corresponding  to  a particular  condition  continues  indefinitely.
CONCLUSIONS
We  have  demonstrated  that  K  influx  in  E.  coli may  be inhibited  both  by
DNP and  by changes  in medium pH and  temperature,  as well  as enhanced
by a period  of K limitation.  Yet,  in spite of these marked  variations  in uni-
directional  influx, which may span a fivefold range  of values,  the intracellular
K concentration  remains remarkably constant because  of parallel and  equal
changes  in  efflux.  This consistently  parallel  behavior  of influx  and  efflux  is
strong  evidence  that  efflux  is,  at  least  in  part,  a  carrier-mediated  process
intimately  linked  to  influx.  The  likelihood  that  two  entirely  independent
processes  are  involved  and that  each  is  identically  affected  by DNP,  tem-
perature,  pH, and K limitation  appears remote.  The simplest mechanism  to
explain  the close linkage of influx and efflux is  an exchange  diffusion process
in which  a mobile  carrier-K  complex  crosses  the  membrane  in both direc-
tions. Wilbrandt and Rosenberg  (11) have pointed out that a separate  carrier
system need not be invoked to explain exchange  diffusion but that any carrier
system,  when sufficiently saturated,  may display this process.  Thus  the trans-
479THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  VOLUME  49  1966
port mechanism  which  is responsible for net K accumulation  during  growth
of E.  coli could mediate  an  exchange  diffusion process  in the steady  state.  It
must be kept in mind, however,  that a close  linkage would  also be observed
if influx  and  efflux  were  carried  out by  two  distinct  carrier  processes  under
over-all control  of a mechanism which regulates  cell K content within narrow
limits.  In view of the presence  of rather  sophisticated  regulatory  mechanisms
for other processes in bacteria, regulation of cell K content through the opera-
tion  of  such  a  control  system  must  be  considered.  Carrier-mediated  exit
mechanisms  distinct  from  the  influx  mechanism  have  been  implicated  in
galactose  (12),  galactoside  (13),  and glucose  (14)  transport  by E. coli.
The  observed  increase  in  the  steady-state  K  exchange  rate  following  K
limitation, and its reversal in the presence of excess K is a curious phenomenon
which may be explained  by invoking a regulatory mechanism which is subject
to  repression  and  de-repression  depending  on  the  presence  or  absence  of
extracellular  K.  However,  such  a  mechanism  cannot  be  established  with
certainty  in the  absence  of direct  evidence  implicating  the  bacterial  genetic
and  synthetic  apparatus.  It  is  of interest  to note  that  Inui  and  Akedo  (15)
have  recently  reported  that  cycloleucine  uptake  by  E.  coli  is  inhibited  by
preincubation  in  the  presence  of this  nonmetabolized  amino  acid  analogue
and have suggested the involvement of a repressible transport  mechanism.
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